Single turn-over xenon flashes induce a thermoluminescence (TL) B-band centred near 35 °C. The far-red illumination of leaves at non-freezing temperatures induces a band peaking at around 45 °C (afterglow or AG-band), together with a downshifted B-band peaking be tween 15 °C and 28 °C. In control, unfrozen wheat plants, the Tmax of the B-band induced after 30 s far-red light at 0 °C was approx. 1 5 -1 8 °C. In maize plants grown under the same conditions, this far-red-induced downshift was not so strong, since the B-band peaked at 2 8 -30 °C. Both a decline in the AG-band and a reversal of the downshift of the B-band were observed after short-term freezing in several plant species. There was usually a sudden drop in the AG-band below a critical freezing temperature. However, while in wheat plants a weak TL emission could be seen between 4 0 -5 0 °C in frozen samples, in cold-sensitive maize plants this was completely suppressed and only the B-band could be detected. In cold-har dened wheat plants the temperature at which the AG-band was suppressed was lower than in non-hardened plants. Drought and short-term heat stress also affect the AG-band. As the AG-band was found to be more sensitive to several types of stresses than the B-band, it can be used as a sensitive stress indicator. However, the behaviour of the AG-band depends on several factors (for example the age of the leaf, etc.), which must be controlled if different species or varieties are to be compared.
Introduction
The brief illumination of a dark-adapted photosynthesizing material (leaf, algal cells, chloroplast, thylakoid or PS II particle suspension) with white light induces a charge recombination between the S2/S3 states and Q B~, generating a B T L band peaking at around 3 0 -3 5 °C. The addition of diuron (electron transport inhibitor between the Q A and Q b quinone acceptors) leads to an S2Q A~ charge recombination corresponding to the Q TLband peaking at 5 -1 2 °C (Rutherford et al., 1982; Demeter and Vass, 1984) . For reviews of therm o luminescence, see Inoue (1996) and Vass and G ov indjee (1996) .
A delayed luminescence rise, or afterglow (A G ) induced by far-red (F R ) illumination was first re ported by Bertsch and Azzi (1965) . Earlier studies were performed at constant temperature. How ever, by slowly heating a dark-adapted plant sam ple, the AG emission can be resolved as a welldefined thermoluminescence (T L ) band peaking at around 45 °C (Miranda and Ducruet, 1995a; Ducruet et al., 1997).
The occurrence of an AG-band reflects a more complex phenomenon than the B and Q T L bands, which represent the back-reaction of a PS-II charge separation. This afterglow emission can be observed only in intact systems, such as leaves (Björn, 1971; Sundblad, 1988) , protoplast (Nakamoto et al., 1988) or intact chloroplasts (Hideg et al., 1991), but not in thylakoid or PS II particle suspensions. PS II inhibitors such as diuron not only convert the B-band into a Q-band, but also suppress the AG-band induced by F R light. Furthermore, AG can be inhibited by uncouplers or by antimycin, which inhibits the PS I cyclic elec tron transport (Björn, 1971) . It is suggested that not only PS II, but also part of the cyclic electron pathway and transthylakoid pH gradient are in volved in the occurrence of the AG emission which corresponds to a back electron transfer Crop plants are often exposed to extreme condi tions, such as high and low temperature or drought. In this work we show that the AG-band is more sensitive to several abiotic stresses than the B-band, and might be used as a stress indicator in plants. 
Materials and Methods

Two
Results and Discussion
Frost
The flash excitation of an unfrozen leaf sample generates a B-band centred at around 35 °C. Freezing at -1 0 °C had no effect on the maximum temperature in wheat, pea or spinach, although it strongly decreased the B band intensity (not shown). However, in some plant species, such as maize or vine, the B band was downshifted to 2 0 -22 °C after short-term severe freezing. This modi fication of the B band by freezing was not ob served in isolated thylakoids. It can be considered as a freezing artefact, for which a tentative expla nation might be the release of vacuolar com pounds due to frost-induced membrane disrup tion.
The far-red illumination of leaves at low but non-freezing temperatures induces a thermolumi nescence ( B-band is similar to that caused by an uncoupler and can be ascribed to freezing damage to the thy lakoid membrane (Thomashow, 1998) , which leads to a collapse of the proton gradient. It should be noticed that the far-red-induced B band in frozen maize leaves peaked at 22 °C, a location identical to that of the flash-induced B band, which can be considered as a freezing artefact, as discussed above.
Short-term freezing also suppressed the AGband, usually peaking at around 4 0 -4 6 °C, in sev eral plant species (Miranda and Ducruet, 1995a). Fig. 1 shows that the AG-band is more sensitive to freezing stress than the B-band. There is usually a sudden drop in the AG-band below a critical freezing temperature. The temperature range in which the AG-band is suddenly lost is within 1 °C. This critical temperature depends on several factors. When the winter wheat variety Cheyenne, which has excellent frost tolerance, was kept at 5 °C for a few weeks (cold hardening) this tem per ature decreased by approx. 2 -3 °C. This harden ing effect was less obvious in the variety Chinese Spring (a spring wheat with very poor frost toler ance). When cold-hardened wheat plants were compared, the critical temperature for AG-band suppression was lower not only in the winter vari ety Cheyenne, but also in the Chinese Spring/ Cheyenne5A chromosome susbstitution line than in the spring wheat variety Chinese Spring. B e sides 20 chromosomes from Chinese Spring this substitution line contains the 5A chromosome from Cheyenne, which carries the most important gene(s) responsible for the frost tolerance of win ter wheat plants (Sutka, 1981) .
While in wheat plants a weak AG emission could be seen in frozen samples, in cold-sensitive maize plants this was completely suppressed and only the B-band could be detected (Fig. 1) . (Fig. 2) and short-term (5 min) heat stress (Fig. 3) affect the far-red-induced T L emis sion in a similar way to frost, i.e. reversal of the downshifted B band towards higher temperatures and suppression of the AG-band. However, while there was a sudden drop in the AG-band below a critical freezing temperature, an increase in tem perature caused a progressive decrease, leading to Temperature (°C) 2. The emergence of an afterglow emission, co r responding to an AG-band centred near 45 °C, which also depends on a proton gradient since it is suppressed by uncouplers (Björn, 1971) . However, the mechanism of the afterglow emission is a com plex phenomenon which requires a reverse elec tron flow towards the S2/S3Q B centres and in volves part of the cyclic electron pathway (Sunblad et al., 1988) . In addition to the need for a proton gradient, the AG emission is also likely to be governed by the state of the reducing pool in chloroplasts and by heat-induced structural changes within the thylakoid membranes, which may explain the upshift of the AG-band observed in maize leaves under heat or drought stress. As a consequence, this AG emission appears to be very dependent on several physiological factors (for ex ample the age of the leaf, water content, preillumi nation), which have to be controlled in order to compare different species or varieties.
D rought / heat
Drought
These results show that the far-red-induced B and AG-bands are more sensitive to various stress treatments than is the flash-induced B-band and, as a consequence, it could provide a sensitive stress indicator.
